ABSTRACT We have studied the catalytic efficiency of acetylcholinesterase (AChE) in various solutions with ion-disturbed water structure to explore the role that the water structure plays in the substrate-enzyme encounter. The extent of water structuring in the different aqueous solutions was determined by near-infrared spectroscopy. The influence of water structure on the degree of solvation and on the intramolecular mobility of AChE was investigated for different aqueous ionic solutions by small-angle x-ray scattering technique and depolarization fluorescence spectroscopy. It was found that the encounter process between AChE and acetylthiocholine was promoted in solutions with less structured water. In these solutions it was also found that AChE is less solvated coinciding with higher intramolecular mobility. The found experimental results suggest that the water structure may influence the substrate-enzyme encounter process by diminishing the AChE solvation shell and may help diffusion of the substrate through the gorge by enhancing the intramolecular mobility of AChE.
INTRODUCTION
During biological evolution some enzymes have reached the so-called ''catalytic perfection''. Such enzymes operate at, or close to, the diffusion control limit, because of their ability to catalyze the reaction almost at every encounter with a substrate molecule (1) . Because the active site of an enzyme is generally located on a small fraction of its total surface area and the molecules diffuse randomly in a solution, one could expect that the substrate is directly or indirectly guided to the active site during the encounter process leading to the maximal catalytic efficiency. Therefore, the understanding of the guidance of a substrate to the active site is of interest from academic and protein-design point of view.
In the case of acetylcholinesterase ((AChE) EC 3.1.1.7), the encounter process is even more interesting since its active site cannot be easily reached because it is at the bottom of a deep and narrow gorge (20 3 6 Å (2); Fig. 1 ). AChE is a classic example of a perfect enzyme with very high catalytic efficiency (3, 4) . In earlier decades, electrostatic steering based on the ionic strength-dependent kinetics was mostly emphasized as a reason for the high efficiency of AChE (5) . The positive group of the natural substrate acetylcholine (ACh) was assumed to bind at a highly negative site (six to nine negative charges) denominated as the anionic subsite (5, 6) . More recently, however, crystallographic studies have emphasized the aromaticity around the active site of the enzyme and the presence of only one negative charge (E199, TcAChE) in the ''anionic subsite'' (W84, E199, F330 (7, 8) ), thus decreasing the impact of the electrostatic attraction (2) . Moreover, the importance of this residue for binding of the substrate has been questioned. It has been shown that sitedirected mutations in the residue E202 (mAChE), in comparison with the aromatic residue W86, affect the catalytic efficiency only slightly (9) (10) (11) (12) . Crystallographic data of the complex of AChE with analogs of the transition state (13) have confirmed the importance of the residue W84 for the binding of the acetylcholine to the active site. Additionally, computational simulations (14) suggested that the size/shape complementarities affected the docking energy between ACh and AChE more than electrostatic interactions. Finally, the K m values for the charged substrate acetylthiocholine (AcSCh) and for its isosteric uncharged analog (DBTA) agree within a factor of two (15) suggesting that the initial encounter rate is charge independent (16) . So far, all the experimental and theoretical efforts and the different techniques employed have not provided a full explanation of the high efficiency of AChE. The nonexpected aromaticity of the gorge as well as its influence on the electrostatic steering has been intensively discussed. On one hand, the ionic strengthdependent kinetics, the presence of negatively charged residues at the rim of the gorge and the computational simulations manifest the electrostatic steering hypothesis (1, 5, 17, 18) . On the other hand, the importance of aromatic residues in the ''anionic subsite'', as opposed to the expected negative groups (7, 8, 14, 19) , and kinetic studies on mutants with neutralized surfaces have raised the question of the role of the electrostatic attraction in the guidance of the substrate to the active site. Even more, these mutants have shown ionic strength-dependent kinetics (16) .
Antosiewicz and collaborators (20) remark that not only the formal charges contributed to the electrostatics interaction, but the dipole moment of the enzyme also played a significant role in the steering of the substrate. They have shown that the dipole moment of the neutralized mutants are only slightly modified and might still contribute to the attraction. The dipole moment created by charges in the entire enzyme has been proposed to be the origin of an electrostatic mechanism for substrate guidance (21) . Nevertheless, AChE is mainly found in its dimeric and tetrameric forms ((22) Protein Data Bank, 1C2O, 1MAA) (23, 24) . Note, that in such an arrangement the monomer dipole moments might compensate each other.
Inspired by the ionic strength-dependent kinetics of the neutralized AChE mutants and interested in the influence of further physical parameters on the bimolecular rate constant, we decided to study the effect of the water structure on AChE kinetics. The effect of ions on water structure has been widely investigated (25) (26) (27) . The influence of water structure on functions of proteins has been only recently discussed and attributed to effects on alteration or stabilization of the protein structure (28) (29) (30) (31) or to the dynamics of the protein (32, 33) .
In the last decade the protein solvation has gained importance, but the role of the water in biological function is not entirely understood. In this work we investigate the role of the water structure on the encounter of AChE and its substrate without necessarily modifying the protein conformation. We have found that the structure of the H-bonding network of the water can modify protein solvation and protein intermolecular mobility without modification of the protein structure itself, but with consequences for the AChE kinetics.
To study the solvent structure influence on the enzyme function, we have modified the water structure by adding different monovalent ions and investigated the effect on the encounter rates of the enzyme and substrate by observing the enzymatic kinetics. The degree of water (dis)ordering was investigated by near-infrared (NIR) absorption measurements. The so-called Jones-Dole B coefficient for the different ionic solutions, which is widely used to indicate the ion disturbance of the water structure (25) (26) (27) , was also used in our study. Spectroscopic and x-ray scattering techniques were employed to investigate the effect of the solvent on AChE structure, solvation, and intramolecular mobility. The influence of the bulk water structure on the solvation of acetylcholinesterase was determined by small-angle x-ray scattering experiments. The intramolecular mobility and its dependence on the solvation were investigated by fluorescence polarization spectroscopy. We have found a correlation between the disturbance of the water structure, the substrate guidance (''critical distance''), the solvation (radius of gyration, R g ), and the molecular mobility (diffusional rotation, D r ). This reveals that the water structure is able to modify the AChE enzymatic kinetics by changing the intramolecular mobility and the solvation of acetylcholinesterase. Because of these findings, we propose that the network of the water molecules around the protein and the substrate, as well as the mobility of the protein itself, should also be taken into account within the model for guiding of the substrate to the active site.
MATERIALS AND METHODS

Materials
Acetylcholinesterase type V-S from Electrophorus electricus, the salts (.99.9%): LiCl, NaCl, KCl, RbCl, CsCl, KBr, KI, CsI, and the reagents acetylthiocholine (AcSCh) and 5,59-dithiobis(2-nitrobenzoic acid) (DTNB) were purchased from Sigma-Aldrich (St. Louis, MO). Absolute ethanol was purchased from Merck (Darmstadt, Germany). The enzyme was purified as described previously (34) and stored in 4 mM potassium phosphate buffer, pH 8.0, at concentrations $1 mg/ml and T ¼ ÿ20°C.
Enzymatic assay
The AChE activity was determined according to the method of Ellman (35 (36) ). The ionic strength varied from 9.4 to 311.4 mM by addition of the following salts: LiCl, NaCl, KCl, RbCl, CsCl, KBr, KI, CsI, separately. The experiments were carried out in controlled temperature at 5°C. The increasing absorption at 412 nm was detected in the spectrophotometer Cary-5E (Varian Australia, Victoria, Australia) and registered during ;60 s with a resolution of 0.033 s.
Near-ultraviolet circular dichroism
Circular dichroism (CD) spectra were recorded on a Jasco 720 spectropolarimeter equipped with a Peltier temperature controller (20°C) over the range of 250-350 nm in a 1-cm pathlength cuvette. The bandwidth and spectral resolution were 1 and 0.5 nm, respectively. Twenty scans were averaged and corrected for the respective buffer/salt solution spectrum.
Absorption in the near-infrared region
Absorption spectra were recorded using a Cary-5E UV-VIS-NIR spectrophotometer (Varian Australia). The slits were adjusted for a bandwidth of 2 nm, the spectral resolution was 0.5 nm, and the pathlength of the cuvettes was 1 cm. The spectra were corrected by subtracting a reference spectrum corresponding to that of the cuvette in the cell. All measurements have been carried out in nitrogen atmosphere and at 5°C. The spectra were normalized for the concentration of water in the respective ionic solutions.
Water structure determination
Fraction of free OH-group
The water fraction of the so-called ''free OH-group'' was estimated by the Luck method (37) (38) (39) . The fraction of free OH-group (OH free ½%) is directly antiproportional to the extent of H-bonding network in water and is defined as:
OH free ½% ¼ Abs=cd ÿ Abs ice =rd Abs free =rd ÿ Abs ice =rd ;
where Abs free is the absorption of the water at 1143 nm at the critical point (40) , Abs ice is the absorption of the ice at 1143 nm (40) , Abs is the measured absorption of the ionic solution at 1143 nm, c is the concentration of the water in the ionic solutions (g/ml), r is the density of the water (g/cm 3 ), and d is the distance of the light in the cuvette (cm). Further explanations will be given in the following section.
Jones-Dole B coefficient
The Jones-Dole B coefficient is related to the effect of the ions on the water structure. Positive B coefficients indicate water structuring and negative B coefficients indicate the disturbance of the water structure (25) (26) (27) . The Jones-Dole B coefficient was calculated by fitting the viscosity data (41) of the ionic solutions by the Jones-Dole equation:
Bc; where h is the viscosity of the ionic solution; h 0 is the viscosity of pure water at the same temperature; A and B are empirical parameters; and c is the concentration in mol/l.
Small-angle x-ray scattering
Small-angle x-ray scattering was measured with a Krakty compact smallangle x-ray system (Anton Paar Germany GmbH, Ostfildern, Germany) at a controlled temperature of 278 K in a vacuum chamber. The scattered intensity was measured as function of the scattering vector q ¼ 4psinðQÞ=l; with 2Q ¼ scattering angle and l ¼ 1.54 Å , in the range from q ¼ 0.005-0.1855 Å ÿ1 . The measurements were undertaken with solutions of 0.9-3.6 mg/ml of acetylcholinesterase in phosphate buffer 2 mM, pH 8, in sealed glass capillaries (diameter ¼ 1.0 mm) as well as with solutions containing 1.8 mg/ml of AChE and 300 mM of the various salts. As reference, the buffer/ ion solvents were used for background correction. After the small-angle x-ray scattering (SAXS) experiments the quality of the samples was checked by determining the enzymatic activity before and after the SAXS experiments. The radii of gyration were calculated by the Guinier equation:
where IðqÞ is the net scattered intensity at q and R g is the radius of gyration (42, 43) . To correct the concentration effect in the SAXS profile, the R g was extrapolated to zero concentration of the protein (42, 44) .
Fluorescence and fluorescence depolarization spectroscopy
Fluorescence emission measurements
The fluorescence spectra of AChE have been measured with a Fluorolog 3-22 (JOBIN YVON-SPEX, Munich, Germany). For the general emission experiments, the emission spectra were taken in 0.5-nm steps at a fixed excitation wavelength of 280 nm. The slits were adjusted to 2-nm bandwidth for both excitation and emission. The recorded spectra were automatically corrected for the wavelength dependence of the lamp intensity, monochromator transmission, and photomultiplier response. The concentrations in the solution were 300 mM of salt and 1 mM of AChE in the same buffer as used for the enzymatic essay.
For the depolarization measurements, the emission spectra were taken in 0.5-nm steps at a fixed excitation wavelength of 297 nm, avoiding tyrosine excitation. Because the anisotropy of the AChE fluorescence is constant for the measured wavelength interval (300-380 nm) and to obtain higher emission intensity on the detector the slits were adjusted to 2-nm bandwidth for excitation and to 12 nm for emission. The recorded spectra were automatically corrected for the wavelength dependence of the lamp intensity, monochromator transmission, polarizer, analyzer, and photomultiplier response. The solution concentrations used were 300 mM of salt and 4.15 mM of AChE in 2 mM potassium phosphate buffer, pH 8.0. For the limiting anisotropy (R 0 ) measurements (as reference) the AChE was dried on a quartz plate. This method guaranteed that the rotational movement of the tryptophans in the solidified sample was hindered. All measurements were carried out at T ¼ 5°C using a thermally controlled sample holder.
Lifetime of the AChE tryptophans
In the nanosecond range, the fluorescence decay curves were recorded on a standard time-correlated single-photon counting apparatus (Edinburgh Instruments, Livingston, UK) with a deuterium flash lamp as excitation source. An interference filter was used to select the excitation wavelength, with a maximum of 298 nm and a half-width of 1-2 nm, avoiding tyrosine excitation. The data were analyzed by applying a deconvolution technique and fitted with a nonlinear least-squares fitting method based on the Levenburg-Marquardt algorithm to mono/multiexponential decay laws such as + n¼1 A i expðÿt=t i Þ: The accuracy was 60.5 ns with x 2 ffi 1.8).
Determination of the rotational correlation time
Anisotropy was obtained by the fluorescence measurements using a polarizer and an analyzer in parallel and perpendicular alignment geometry. The anisotropy, the rotational correlation time, and the rotational diffusion were calculated by the Perrin equations (45):
where R is the anisotropy, R 0 is the limiting anisotropy, I the fluorescence intensity, v and h assign the vertically and horizontally polarized light (position of polarizer and analyzer), G corresponds to the correction factor,
) is the fluorescence lifetime, t R is the rotational correlation time (s ÿ1 ), and D R is the rotational diffusion (rad 2 s
ÿ1
).
Statistical analysis
The results from the various experiments were compared and the empirical correlations found were linearized and statistically analyzed (46) . To evaluate the significance of the correlations, the product-moment correlation coefficient was calculated as follows (47):
where r is the product-moment correlation coefficient, X is the observed values for the parameter x, Mx is the mean value for X, Y is the observed value for the parameter y, and My is the mean value for Y. To judge the empirical correlations the t-test has been employed:
Here, n is the number of points. The r-values and the values for t were compared with the statistical tables for critical values of r and of the t-distribution, respectively (48). If the calculated values are greater than the critical values for 5% of significance (depending of the number of measured points), the null hypothesis (for the case of no-correlation) can be rejected, i.e., the correlation is accepted as being significant. The probability of obtaining each value of t by random sampling (the P-value) can be consulted from the table ''t-table for estimating P-values'' (48).
RESULTS AND DISCUSSION
Enzymatic kinetics
In accordance with a diffusion-controlled enzymatic reaction, the catalytic efficiency, k cat /K m , was considered to be the bimolecular rate constant (3) . In this way, we can separately analyze the chemical (k cat ) and the diffusive steps (k cat /K m ) of the reaction. Table 1 shows that the ions alter K m , but not k cat , which demonstrates that the ions do not have any influence on the chemical step of the reaction by allosteric regulation. This suggests no conformational alteration of the enzyme, which is also supported by further investigations on the tertiary structure of AChE by fluorescence spectroscopy and near-ultraviolet (UV) circular dichroism experiments. The salt CsI, as an exception, altered the k cat at higher concentration (0.3 M). Hence, this point was excluded from the analysis in Fig. 2 (arrow). The general low values for k cat are due to the low temperature of the experiments (5°C). Table 1 and Fig. 2 show that the k cat /K m depends not only on the ionic strength, as expected (5), but also on the ion type. To understand the influence of the individual properties of the ions on enzymatic efficiency we have analyzed the enzyme-substrate bimolecular rate constants by the Brönstedt-adapted Debye-Hückel equation (5, 49, 50) . This equation describes the association kinetics of charged compounds (here, AChE and AcSCh) depending on the ionic strength I ¼ + n¼i c i z
where k 1 is the bimolecular rate constant and k
which are the net charge of the active site of the enzyme and the substrate (Z E ¼ 11), I is the ionic strength, N a is the Avogadro number, e is the elementary charge, k is the Boltzmann constant, T is the temperature, e is the dielectric constant of the medium, and a is the critical distance.
The data in Fig. 2 are within a very small experimental error range in agreement with Eq. 3, where the k cat /K m decreases with increasing ionic strength. The ion-type dependent kinetics found is not expected if one considers only the electrostatic aspect of the encounter process. Therefore, we conclude that the electrostatic steering is not the only important factor for the ES-encounter process, and that the particular properties of the ionic solutions influence the bimolecular rate constant, in addition to the increasing ionic strength.
The individual influence of the ions is described by the parameters a and z in Eq. 3. For this function the curvature corresponds to the parameters a, and the inclination corresponds to the parameter z. The critical distance obtained by Eq. 3 is defined as the distance at which enzyme and substrate encounter each other and the reaction takes place (Fig.  1) . Diffusion-controlled reactions can be separated in two steps: the slow (diffusion) step and the fast (chemical transformation) step (51) . Here, the critical distance is defined as the point, at which the fast step begins, i.e., at the distance of a few angstroms, where the encounter is as fast as the reaction itself. In summary, a great critical distance requires a facilitated encounter process. In contrast, a small critical distance suggests that short distances between the substrate and the active site are necessary to overcome the reaction barrier. In the resolved structure of the complex of TcAChE with the transition state analog TMTFA (1AMN (13)), the minimum distance between the charged group of the ligand (NH 1 3 ), and the closest residue (W84) is ;4 Å . Therefore, the minimum value for the critical distance is expected to be 4 Å and bigger values require an accelerated encounter.
It is also remarkable that the critical distances found are compatible with the length of the gorge (20 Å ), indicating that the fast step begins when the substrate is very close to or in the gorge of the protein (Table 2 ). This result is also in agreement with the literature (12) . It should be mentioned that close to the gorge there is the peripheral anionic site, which modulates the structure of the gorge and controls the catalytic activity (52) .
Ions are able to modify the dielectric constant (e) and viscosity (h) of the aqueous medium, which are important parameters for the attraction between charged compounds (Eq. 3). Therefore, the effect of the ion-promoted variation of e on the bimolecular rate constant (k cat /K m ) was simulated using the Debye equations (Eq. 3) and it was found that the effect of the ions on these parameters is too small (one order of magnitude lower) to explain the difference between the curves shown in Fig. 2 (Fig. 3) . In comparison with the experimental bimolecular rate constants the influence of the ions on the water viscosity is also negligible (Fig. 4, bottom) . These small changes in e and h are therefore not responsible for the ion-type dependence of the AChE kinetics.
The high values found for the parameter z in Table 2 lead to high charge values for the enzyme (Z E ) in the various ionic solutions. A high value for Z E was also found in the experiments with Na 2 HPO 4 reported in the literature (Table 2) (5), which emphasizes the limitation of the Debye equation for this system. It shows that the parameter z should not only be interpreted as the charge of the active site and the substrate (Z E Z S ), but as a more complex parameter (z eff ¼ a z), which includes the effect of the ionic strength (z ¼ Z E Z S ) and the effect of the individual properties of the present ions on the kinetics (a).
Another important aspect is that the dielectric constant (e) used for the fit (85.76) represents only the bulk and not the total dielectric constant. During the all-diffusion process, the substrate goes from the bulk solution through the solvation shell and the gorge to the active site. Each of these regions has a different value for e. Because the e of the gorge is much smaller than the bulk (3.72) (53) it is expected that the total e is small compared to the bulk. In accordance with Eq. 3 it can lead to an overestimation of the value of the charges. However, even if the values found for z parameter were smaller, corresponding to the charges of the active site region, this parameter would include the individual properties of the ions, because different values for z were found. In summary, the critical distance is related to the acceleration or facilitation of the ES-encounter at short distances. In the following analysis, the individual effect of the ion on the water structure will be considered for explaining the dependence of the kinetics on the ion type.
Effect of ethanol on AChE efficiency
Neumann and Nolte (54) have proposed that ions can decrease the K m by binding to the active site of the AChE. To investigate separately the effect of the water structure disturbance and the putative effect of cation binding, we have carried out systematic kinetic experiments with increasing concentrations of ethanol. Ethanol was chosen, because it does not present any charge, i.e., it does not bind at the anionic subsite, and because of its well-known effect on water structuring (55) (56) (57) . The low concentrations of ethanol used were not deleterious for the protein structure as confirmed by investigations on the AChE conformation (see the next section). In Fig. 4 , the dependence of k cat /K m on ethanol concentration is shown; the increasing ethanol concentrations up to a concentration of 400 mM decrease the k cat /K m . Considering that the dielectric constant decreases with increasing ethanol concentrations, a k cat /K m decay would not be expected for an electrostatic-dependent encounter process driven by Coulombic forces. This result shows that there must be a factor, possibly water structuring, which decreases the ES-encounter rates. Enhanced viscosity might be responsible for the decrease of the encounter rate, as expected for diffusion-dependent processes. Indeed, an increase in the ethanol concentration leads to an increase in the viscosity of the solutions (41) , which results in a decrease of the diffusion coefficient of the substrate and of the enzyme, in accordance with the Stokes-Einstein diffusion equation (Eq. 5). Nevertheless, as shown in Fig. 4 , this effect is too small to explain the decrease of k cat /K m . Fig. 4 also shows the normalized values of the bimolecular rate constant for the viscosity changes by applying the following equation:
where e 0 is the vacuum permittivity; D is the diffusion coefficient; R E is the enzyme radius; R L is the radius of the substrate (the ligand); h is the viscosity, and R* is the radius of the cross section of the collision between the enzyme and the ligand. Moreover, Fig. 4 emphasizes that the decay of the k cat /K m is similar. Finally, we can conclude that parameters other than viscosity, dielectric constant, ionic strength, or binding of cations on the active site decrease the ES-encounter process. We propose that this effect is due to the structuring of water.
AChE structure maintenance
Investigations on the AChE structure by means of fluorescence spectroscopy and near-UV circular dichroism measurements indicate that the enzyme does not show any conformational changes in the presence of ethanol and the different ionic solutions. Due to its sensitivity to small perturbations of the environment of the aromatic side chains, near-UV circular dichroism and fluorescence are methods often applied to probe alterations in the tertiary structure of the proteins (58-60). Fig. 5 shows the fluorescence spectra of AChE in the various ionic solutions. The spectra remain essentially unchanged, with the exception of a small quenching found for the CsCl solution. However, this quenching was expected (61, 62) and has also been confirmed by fluorescence lifetime measurements of tryptophan (data not shown). It is not attributed to an alteration of the AChE structure. The near-UV CD measurements are summarized in Fig. 6 . The spectra are nearly constant within the sensitivity of the apparatus. The measurements strongly suggest that the AChE conformation is maintained in the ionic solutions studied. Consequently, the ions do not cause any direct conformational changes in AChE with the concentrations studied and the ion-disturbed water structure does not modify the AChE conformation.
Water structure
To find whether the structure of the liquid water in the solutions used is related to the individual influence of the ions on AChE kinetics, the degree of structuring of water was estimated and compared to the critical distances. The term ''water structure'' has to be used conscientiously, because the liquid water does not show a long-range order as it is known for solids (63) . Contrary to the hexagonal structure of ice (I h ), the water molecules are not fully organized in a hexagonal structure with H-bondings in tetrahedral coordination in the liquid phase, but only part of the structure remains with distorted H-bondings, which are arranged irregularly. Consequently, some H-bondings are still tight, with favorable angle and distances and because of this they are called ''ice-like'' H-bondings; others are highly distorted, the so-called ''weak'' H-bondings; some water molecules even have OH-groups free of H-bonding. According to the ''mixture model'' for water, different water species involved in different numbers of H-bondings with different bond strengths coexist in liquid water (39) . Therefore, the water structure can be represented by the strength of the H-bonding network of the aqueous solutions. FIGURE 5 Fluorescence spectra of AChE (1 mM) in the indicated ionic solutions (300 mM) with potassium phosphate buffer 2 mM, pH 8.0. The spectra show no difference for the different ionic solution. The CsCl presents an exception due to expected quenching. FIGURE 6 Near-UV CD spectra of AChE (4 mM) in the ethanol (600 mM) and ionic solutions (300 mM) with potassium phosphate buffer 2 mM, pH 8.0.
Solutions presenting more and/or tighter H-bondings are considered to be more ordered or structured compared to solutions with less and/or weaker H-bondings.
Infrared spectroscopy has been widely used to study the structure of liquid water. The water molecule has three vibrational modes: the symmetric stretching (n 1 ), the bending (n 2 ), and the asymmetric stretching (n 3 ) mode. For isolated water molecules (monomer), the vibrational modes are excited at the frequencies: 3651.7 cm ÿ1 (n 1 ), 1595.0 cm ÿ1 (n 2 ), 3755.8 cm ÿ1 (n 3 ) (64). On one hand, the bending mode (n 2 ) is known to be almost insensitive to H-bondings and therefore to undergo only minor changes from the vapor (1595 cm ÿ1 ) to the liquid phase (1637.5 cm ÿ1 ) (from 4 to 300°C (65)). On the other hand, the stretching vibrations (n 1 and n 3 ) are very sensitive to the surrounding strength of the H-bonding network (66) and can be used to probe the water structure. By the formation of an H-bonding network the force constant of the O-H bond decreases, which causes a shift of the frequency of the stretching modes (64, 67) :
where f is the force constant, m ¼ m 1 m 2 /(m 1 1 m 2 ) is the reduced mass of the oscillator (OH-group), and n is the oscillating frequency. The subscripts b and nb stand for bonded and nonbonded, respectively. Because the effect of H-bonding on the force constant of the O-H bond is not yet quantifiable, this equation can be used to understand the wavenumber shift, but not to predict it (66) . Considering that the absorption bands of the water in liquid phase are broad, the vibrational frequencies of the symmetric and asymmetric stretching modes are indistinguishable and the assignment is done for both stretching modes, n 1 and n 3 . Three principal bands are recognized in liquid water: ;3220 cm ÿ1 ; ;3400 cm ÿ1 , and ;3600 cm ÿ1 . In literature, these bands are assigned to the different species of water, according to the theory used. Graener and Laubereau (68) attribute the bands to ''ice-like'', ''moderately strongly'' H-bonded and ''free'' or ''weakly bonded'' OH-groups. Musto and collaborators (69) assign the bands to the number of hydrogen atoms (0, 1, or 2) of the water molecule involved in H-bonding. Franks (39) and Max and Chapados (67) attribute five bands to the number of H-bondings interacting with the molecule (from 0 to 4). Some other authors relate the different spectral position to different hydrogen bonding lengths OH. . .O or the enthalpy of H-bonding (70, 71) .
We have chosen the more general classification of the water species: free, strongly bonded, and weakly bonded OH-groups (72) because of the broadness of the absorption bands, which prevents a very accurate resolution of the peaks, and by the lack of theoretical values for the vibrational frequencies of each water species.
Combinational bands of the bending and stretching modes and overtones are excited at higher frequencies and can be measured in the near-infrared region. NIR spectroscopy technique offers advantages for the quantitative analysis of the water absorption. Because the pathlength and the penetration depth are well defined, the optical density is proportional to the concentration of the water species in accordance with the Lambert-Beer law (73) .
To investigate the disturbance of the water structure by the ions, we have quantified the water species by recording the difference spectra of the salt solutions obtained by subtracting the pure water spectrum (Fig. 7) at the NIR region of 8000-9000 cm ÿ1 (combinational band n 1 1 n 2 1 n 3 ). The minimum of the difference absorption bands at 8000 cm ÿ1 and the maxima at 8500 and 8750 cm ÿ1 correspond to the water species: weakly bonded, strongly bonded, and free OH-group, respectively. Fig. 7 shows that the population of ice-like water molecules decreases (8000 cm ÿ1 ), whereas the concentrations of weakly bonded populations (8500 cm ÿ1 ) and of H-bonding free populations (8750 cm ÿ1 ) increase. For all of the ions added an increase of the disorder of the H-bond network was found in comparison to pure water, converting tightly H-bonded water into weakly or non-H-bond water. It is important to remark that this investigation is not in contradiction to the classification of ions as so-called structure makers and structure breakers, because if an ion organizes the water molecules around itself, it creates a new structure in its local environment and existing H-bonding networks are broken during this process (74) .
The ion-disturbed water spectra were quantitatively analyzed by means of the Lambert-Beer law, where the difference of absorption (DAbs) is proportional to the difference of the concentration of each water species:
where ÿlogðI=I 0 Þ ¼ A is the light absorption, e is the extinction coefficient (M ÿ1 cm ÿ1 ), c is the chromophore concentration (M), and l is the pathlength (cm).
According to Eq. 7, DAbs ¼ eDc. The extinction coefficients of the water species could not be determined. FIGURE 7 Absorption difference spectra for the ionic solutions (300 mM) obtained by subtracting the pure water spectrum (inset) in the NIR region at 5°C. The arrows indicate the direction of change of the absorption in the presence of the ions.
Consequently, Dc cannot be calculated as an absolute value. Hence, the product eDc was used for further analysis as it is directly proportional to the changes in the concentration of the water species.
For estimating the increase of weakly H-bonded OHgroups, the difference of absorption at 8500 cm ÿ1 was used and for estimating the increase of broken H-bonding (free OH-groups) the difference of absorption at 8750 cm ÿ1 was observed.
The Luck method was also employed. This method is based on the Lambert-Beer law and correlates the measured absorption at 1143 nm (8749 cm ÿ1 ) with the absorption of the water at the critical point (without H-bonding) and in the solid phase (with 100% of tetrahedral coordination H-bonding) (37) (38) (39) , so that the fraction of free OH-groups (broken H-bondings) can be determined.
The quantitative results of our investigations have been compared with the critical distance and are summarized in Fig. 8 . Fig. 8 (top) shows the dependence of the critical distances on the population of weakly H-bonded OH-groups represented by the difference of the absorption intensity at 8500 cm ÿ1 . The product-moment correlation coefficient for this relation was found to be r ¼ 0.844, which is greater than the critical value of 0.669. Consequently, the empirical correlation can be considered to be significant. The t-test confirms this result. The t-value was 3.517, i.e., greater than the critical value of 2.015. The probability of obtaining such value of t by random sampling is P , 0.010.
Because the relation between the Jones-Dole B coefficient and the water structure is well known (27) , this parameter has also been compared to the kinetic data. The empirical correlation found is also significant. Here, the product-moment correlation coefficient was determined to r ¼ 0.773, which is greater than the critical value of 0.621. The t-value was 3.223, i.e., greater than the critical value of 1.943. The probability of obtaining such value of t by random sampling is P , 0.010. Fig. 8 shows that bigger critical distances for the ESencounter in solutions are related to higher concentration of weakly H-bonded water molecules. The comparison with the Jones-Dole B coefficient shows the same tendency; at smaller B coefficient (more disordered water) bigger critical distances were found.
According to the analysis of the kinetic data, and from the dependences found, it is evident, that the perturbation of the water structure facilitates the ES-encounter and that the highly ordered water can hinder the encounter at short distances. In the investigated series, two extremes were found: NaCl, solutions of which present a more ordered water structure, is related to a small critical distance (7.7 Å ); i.e., before ;7.7 Å the substrate diffusion is not facilitated. On the other side, KBr heavily disturbs the water structure and this is related to a critical distance of 22.9 Å , meaning that, at greater distances, the diffusion of the substrate to the active site is strongly facilitated. We can, therefore, conclude that the less water is ordered, the more it is capable of providing an environment that facilitates the encounter between the substrate and the active site of AChE.
AChE solvation (SAXS measurements)
To get a more detailed understanding of the influence of the water structure on the ES-encounter, we have performed small-angle x-ray scattering experiments. SAXS is a wellestablished technique to study the solvation of proteins (43, 75, 76) . SAXS measurements can, therefore, give information whether the ion-promoted disturbance of the bulk water structure can influence the solvation of the AChE or not.
The x-ray scattering of AChE was observed in the different ionic solutions. The AChE activity remains the same after the SAXS experiments, indicating that the enzyme was not damaged by the x-rays. The radii of gyration (R g ) obtained are related to the radii of the protein 1 hydration shell. The theoretical value for R g of the AChE crystal structure could be estimated by analyzing the threedimensional eelAChE crystallographic data (1C2O (23) 64.0 Å (SD value)) in CsCl solutions. The excess of the radius of gyration, as it has been obtained by the experiments, can therefore be related to the AChE hydration, which is attributed to the solvation, assuming a nonchanging overall structure of AChE as it was shown by the CD and fluorescence measurements. Association between the AChE tetramers is not expected at the low working concentrations of enzyme and the salts used.
A comparison between the water structure in the different ionic solutions from NIR measurements with the observed radii of gyration shows an evident relation between the radius of gyration and the fraction of free OH-group (Fig. 9) . The absolute value of the product-moment correlation coefficient for this relation is jrj ¼ 0.956, which is greater than the critical value of 0.669. Consequently, the correlation is considered to be significant. The t-test confirms this result, too. The absolute t-value is 7.295, i.e., greater than the critical value of 2.015. The probability of obtaining such t-value by random sampling is P , 0.0005. In KI solution the concentration of free OH-groups remains unchanged and is, therefore, not shown in Fig. 9 . Also the population of weakly H-bonded water shows a correlation to the radii of gyration (Fig. 9) . For the absorption population at 8500 cm ÿ1 the product moment correlation of r ¼ 0.726 and a t-test value of t ¼ 2.585 were found, which are greater than the critical values of 0.669 and 2.015, respectively. The probability of obtaining such values of t by random sampling is P , 0.025. The dependences found demonstrate that the ions not only modify the structure of the bulk water, but also the solvation of AChE. The solvation takes place in such a manner that less structured water leads to less hydrated AChE. In the case of less solvated AChE one can expect that the substrate can more easily reach the gorge.
Intramolecular mobility of AChE
To gain a more detailed understanding of the system we have additionally investigated the internal dynamics of AChE for the different solutions by applying the fluorescence depolarization technique. The measurements indicate that the intramolecular mobility of the enzyme is also affected by the structure of water. Because the fluorescence depolarization measurements monitor the rotational motions of the fluorophores, this technique has been widely used to investigate the flexibility and intramolecular mobility of protein segments by observing the tryptophan residue(s). For relatively small proteins, the rotational correlation time (t R ) of tryptophan fluorescence is related to the segmental and whole protein. To resolve the two correlation times, time-resolved fluorescence depolarization experiments are required (77, 78) . In the case of AChE, because of the size (320 kDa) and its oblate form (23) the rotational correlation time FIGURE 9 The correlation of the radius of gyration of AChE with the water structure, represented by the fraction of free OH-group (top), DAbs at 8750 cm ÿ1 (middle), and DAbs at 8500 cm ÿ1 (bottom; from Fig. 7 ). For statistical analysis, see Discussion.
of the whole protein is too large (322 ns (79) ) to influence the anisotropy of the tryptophan fluorescence. According to Eq. 2, the t R corresponds to ;200 ns for R % R 0 , a value smaller than for the AChE rotation. Hence, the protein seems to be static in comparison with the fluorescence lifetime t F of Trp, and the measured anisotropy could be related only to segmental motions. AChE contains 14 Trp residues in each monomer, which are nearly homogenously distributed inside the whole protein. Although multitryptophan proteins can present a complex fluorescence behavior, the distribution of the Trp residues inside the AChE has two advantages: firstly, fluorescence depolarization probes the segmental motions of the whole protein and not only of one local segment. Secondly, because the fluorophores are inside the protein, their motions are coupled to the segment of the enzyme where they are inserted. A disadvantage of multitryptophan proteins for intramolecular mobility investigations could be the occurrence of energy transfer between the tryptophans; in this case, the anisotropy would no longer depend on the rotational motion of the fluorophore (45) . Fortunately that is not the case for AChE because the measured anisotropy limit was found to be nearly 0.4 (0.386 6 0.007) (45) . Therefore, the measured anisotropy could exclusively be attributed to the rotational diffusion of the tryptophans. The fluorescence polarization and the fluorescence lifetime of the tryptophans in AChE were measured under the same experimental conditions. The measured rotational correlation times were found to range between 1.5 and 2.5 ns.
The determined rotational correlation times and the rotational diffusion of the Trp residues in AChE were compared with the Jones-Dole B coefficients for the different ionic solutions and for the ethanol solution. Fig. 10 shows an increase in rotation correlation time and a decrease in rotational diffusion with increasing water structuring. Therefore, the AChE intramolecular mobility increases with increasing water disordering.
The empirical correlations found for the rotational correlation time and the rotational diffusion were analyzed statistically. The values for the product moment correlation coefficient were found to be r ¼ 0.749 and r ¼ 0.754, respectively. Both values are above the critical value of 0.582 and therefore the correlation found is significant. The values of t ¼ 2.995 and t ¼ 3.0335 for the t-test also confirms this result, because both are above the critical value of 1.895. The probabilities of obtaining such t-values by random sampling are P ; 0.010 and P , 0.010, respectively.
The value found for ethanol in the plot supports the idea that the measured effect of the ion type on the kinetics is due to the water structure disturbance and not due to direct association (the ethanol binding to the active site of AChE is very unlikely). Furthermore, if one considers the charge density of the protein in comparison to the charge density of Cl ÿ and I ÿ , it is reasonable that the cations would preferentially bind to the anions rather than to the active site. Likewise, the anions would preferentially bind to the cations rather than to the substrate. It is known that the association rate of strong salts are very low in water solutions (26) . According to this consideration, the association rate of the cations to AChE would be even lower compared to the association rates of halide anions.
In summary, we conclude that the protein has a faster intramolecular mobility in less structured water. It reveals that ion-promoted disturbance of the H-bonding network structure of the water affect the AChE intramolecular mobility.
It is interesting to remark that the mobility of the gorge has been proposed in computational simulation works to be important for the diffusion of substrate and inhibitors into the active site. Xu and collaborators (80) have shown in 5-ns molecular dynamics (MD) simulation that during 3 ns the gorge presents an ''open'' conformation with a minimum diameter of ;6 Å , as opposed to 2 Å in the ''close state''. Tai and collaborators (81) have also shown by 10-ns MD simulation that for ;2.5 ns the gorge presents an open state (with larger radius). The order of magnitude of the measured rotational correlation times for the segmental motions (t R ) is in reasonable agreement with the MD simulation time. Because the turnover number (k cat ) for AChE is ;800 s ÿ1 , one could conclude that the docking and release of the substrate is in the range of milliseconds and that because of this the nanosecond range would be negligible. Nevertheless, if one considers that the diffusion coefficient of the substrate in water is 4.5 3 10 ÿ6 cm 2 s ÿ1 (according to the Stokes-Einstein equation for diffusion), on a molecular scale it corresponds to 10 Å 2 ns ÿ1 . Therefore, the distance of the gorge (20 Å ) would be covered in the range of nanoseconds, if the viscosity of the gorge and the viscosity of the water have the similar order of magnitude. Hence, higher intramolecular mobility of AChE may facilitate the opening events of the gorge, allowing an easier passage of the substrate. Moreover, one can expect that during the opening of the gorge, an inward flux of water molecules is created, so that the substrate molecules at the vicinity could be sucked into the gorge.
A back door for the escape of the products has been proposed to contribute to the high efficiency by allowing a rapid flux of substrate (81, 82) . According to this hypothesis one should expect that higher mobility of AChE can contribute to opening the back door, allowing an easier release of the products and faster kinetics of AChE.
Another important aspect has been discussed by Xu and collaborators (80) . In the 5-ns MD simulation they have examined the huperzine binding to AChE with and without water molecules and discussed the importance of the formation and breaking of the H-bonding of the buried water molecules in the gorge. Koellner et al. (83) compare the contribution of the H-bonding dynamics of the water to a lubricant for the substrate squeezing through the gorge. In the context of this work, one can imagine that less structured water around the protein allows a higher mobility of AChE, which can influence the water molecules buried in the gorge, where higher forming/breaking H-bonding rates facilitate the passage of the substrate through the gorge.
Two hypotheses for the influence on the ES-encounter can be proposed. Firstly, weaker H-bonding networks in the bulk water decrease the AChE solvation, which can be easily removed and reorganized (desolvation) during the substrate entrance. Secondly, weaker H-bonding networks of the water allow a higher intramolecular mobility, which facilitates the passage of the substrate through the gorge to the active site.
Moreover, the dependence of the intramolecular mobility on the water ordering can explain the reason of the ion typedependent AChE kinetic and also the ion concentration (apparently ionic strength) dependence of the kinetics of neutralized AChE.
The results found reveal that not only the net charge and the structure of an enzyme are important for its function, but the solvation, the water structure by itself, and its influence on the dynamics also for the biological function of AChE.
CONCLUSION
In this work, we have investigated the influence of the H-bonding network structure of aqueous solutions on the AChE-substrate encounter process. The AChE kinetics in different ionic solutions was analyzed by the Brönstedt-adapted Debye-Hückel theory, which describes the bimolecular rate constant between charged compounds in dependence on the ionic strength of the medium. As the result of this analysis the critical distances of the reaction were determined for the different ionic solutions. The degree of water structure disturbance was investigated by nearinfrared spectroscopy. The effect of the water disordering on the AChE solvation was observed by small-angle x-ray scattering. The intramolecular mobility of AChE was studied in solutions with different ion-disturbed water structure by fluorescence depolarization. We found that in solutions with less structured water (more content of broken and weak H-bonding), the ES-encounter process is facilitated (bigger critical distances), the solvation shell is thinner (smaller gyration radius), and the AChE presents faster intramolecular motions (shorter segmental rotational correlation time). The reorganization of the solvent during and after the entrance of the substrate into the gorge may be facilitated in an environment with less structured water. This process, in addition to the increase of the intramolecular mobility, may help the substrate to diffuse through the gorge of the enzyme.
